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MICROCHANNEL HEAT SINK 

This application is a continuation of International Appli 
cation No. PCT/US2004/042801 ?led on Dec. 8, 2004, 
Which claims bene?ts and priority of provisional application 
Ser. No. 60/557,784 ?led on Mar. 30, 2004. 

CONTRACTUAL ORIGIN OF THE INVENTION 

The invention Was made in part With United States 
Government support under grant/contract Number 670 
1288-6398 awarded by the National Science Foundation 
(NSF I/UCRC). The Government may have certain rights in 
the invention. 

FIELD OF THE INVENTION 

The invention relates to a microchannel heat sink having 
improved rates of heat transfer. 

BACKGROUND OF THE INVENTION 

Rapidly decreasing features siZes and increasing poWer 
density in microelectronic devices has necessitated devel 
opment of novel cooling strategies to achieve very high heat 
removal rates from these devices. For example, heat removal 
rates in excess of 200 W/cm2 have been projected for the 
next generation of personal computing devices. Microchan 
nel heat sinks have the potential to achieve these heat 
removal rates and therefore have been studied for over tWo 
decades as described, for example, by Tuckerman and Pease 
“High performance heat sinking for VLSI”, IEEE Electron 
Device Letters, Vol. EDL-2, pp. 1264129, 1981, and by 
Garimella and Sobhan “Transport in microchannels-A criti 
cal revieW” Annual RevieW of Heat Transfer, Vol. 14, 2003. 

HoWever, conventional microchannel heat sinks experi 
ence deterioration in thermal performance along their length 
as the boundary layers continue to develop and thicken With 
doWnstream ?uid travel. Moreover, hot spots of elevated 
temperature can develop at local regions of the heat-gener 
ating component, such as a microelectronic chip, and thus at 
local regions of the microchannels. 

There is a need for a microchannel heat sink that provides 
improved overall heat transfer. There also is a need for a 
microchannel heat sink that provides localiZed heat transfer 
that can be tailored to one or more particular hot spots of a 
heat-generating component, such as a microelectronic chip. 

SUMMARY OF THE INVENTION 

The present invention provides in one embodiment a 
microchannel heat sink as Well as method that includes one 
or more microchannels for receiving a Working ?uid ?oWs 
to remove heat and one or more recesses disposed in a 

surface communicated to the one or more of the microchan 
nels to enhance heat removal rate of the microchannel heat 
sink. 

In an illustrative embodiment of the invention, the one or 
more recesses can be located at one or more local hot spot 

regions of a heat-generating component to enhance heat 
transfer rates at the local regions as Well as the overall heat 
removal rates of the heat sink. 

In another illustrative embodiment of the invention, the 
heat sink includes a cover that closes off the one or more 
microchannels. The cover has the one or more recesses in a 

cover surface facing the microchannels such that the 
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2 
recesses communicate to the microchannels and thus the 
Working ?uid to enhance heat transfer rate of the micro 
channel heat sink. 

In still another illustrative embodiment of the invention, 
the one or more recesses are elongated and extend in a 

direction transverse to the long axis of the microchannels 
across one, some, or all of the microchannels so as to 

communicate to one, some or all of the microchannels. 
In a particular embodiment of the invention, the micro 

channel heat sink comprises a plurality of elongated micro 
channels through Which a Working ?uid ?oWs to remove 
heat and a cover that closes off an open side of the micro 
channels. The cover includes one or more recesses in a cover 

surface facing the microchannels such that the recesses 
communicate to the microchannels and thus the Working 
?uid to enhance heat transfer rate of the microchannel heat 
sink. The recesses can extend in a direction transverse, 
preferably perpendicular, to the long axis of the microchan 
nels. 
The invention is advantageous to provide enhancement of 

localiZed heat transfer rates to loWer maximum chip tem 
peratures in microelectronic apparatus as Well as to achieve 
loWer temperature gradients on chips to reduce thermal 
stresses, improve reliability and increase chip performance. 
These advantages are achieved using the one or more 
recesses to provide passive ?oW modulation With a smaller 
pressure drop across the microchannels and hence With a 
loWer pumping poWer. 

Other advantages of the invention Will become more 
readily apparent from the folloWing description. 

DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a sectional vieW of the heat sink on a substrate, 
such as a microelectronic chip, taken along lines 1-1 of FIG. 
2. 

FIG. 2 is a plan vieW of the microelectronic chip having 
the microchannels thereon With the recesses of the cover 
superimposed over the microchannels in dashed lines. The 
cover is not shoWn per se so as to alloW the microchannels 

to be shoWn by solid lines. 
FIG. 3 is a sectional vieW of the heat sink on a substrate, 

such as a microelectronic chip, taken along lines 3-3 of FIG. 
2. 

FIG. 4 is a graph of heat sink base temperature versus 
axial location along a microchannel having tWo recesses 
along its length determined by computer simulation softWare 
and as compared to that determined for a similar microchan 
nel heat sink Without the recesses in the cover. 

FIG. 5 is a graph of heat transfer coe?icient versus axial 
location along a microchannel having tWo recesses along its 
length determined by computer simulation softWare and as 
compared to that determined for a similar microchannel heat 
sink Without the recesses in the cover. 

DESCRIPTION OF THE INVENTION 

The present invention provides an improved microchan 
nel heat sink as Well as method embodying the heat sink, 
having enhanced localiZed and global (overall) heat transfer 
rates, and useful for, although not limited to, removing heat 
from a heat-generating electronic component, such as for 
purposes of illustration and not limitation, a microelectronic 
IC chip (integrated circuit chip) of an electronic device such 
as cell phones, laptop computers, personal digital assistance 
devices, desktop computers, and the like. A microchannel 
heat sink as Well as method pursuant to an embodiment of 
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the invention that includes one or more microchannels 
through Which a Working ?uid ?oWs to remove heat from a 
heat-generating component, such as a microelectronic chip, 
and one or more recesses disposed in a surface communi 
cated to the one or more of the microchannels to enhance 
local and overall heat removal rate of the microchannel heat 
sink. For purposes of illustration and not limitation, an 
embodiment of the invention Will be described beloW in 
connection With FIGS. 1-3 Where the recesses R are shoWn 
disposed in a lid or cover 30 that closes off the open sides 
of elongated microchannels 20 formed directly in the heat 
generating component, such as a microelectronic chip sub 
strate. HoWever, the invention is not limited to this illustra 
tive embodiment since the recesses can be disposed in any 
surface bordering or de?ning one or more of the microchan 
nels so that the recesses are in ?uid ?oW communication 
With the Working ?uid ?oWing therethrough to remove heat. 
For example, although the recesses are shoWn in FIGS. 1-3 
disposed in the lid or cover, the recesses can be disposed in 
surfaces of the microelectronic chip substrate itself that 
de?ne one or more of the microchannels. 

Referring to FIGS. 1-3, heat-generating microelectronic 
chip substrate 10 (eg a silicon microelectronic chip) is 
shoWn having a surface 1011 With a plurality of elongated 
microchannels 12 formed to a depth therein so as to be in 
heat transfer relation With the chip substrate 10. The micro 
channels 12 preferably are formed integrally on the surface 
10a of the chip substrate 10 using silicon micromachining 
processes or other suitable fabrication processes. Alter 
nately, the microchannels 20 can be formed as a separate 
body (not shoWn) that is joined to the heat-generating chip 
substrate 10 in a manner that provides heat transfer from the 
heat-generating chip substrate 10 to the separate body con 
taining the microchannels. The surface 1011 can be any 
appropriate surface of the heat-generating chip substrate 10 
and is not limited to the upWardly facing surface 10a shoWn 
for purposes of illustration and into limitation in FIGS. 1-3. 
Moreover, although the microchannels 20 are shoWn having 
a rectangular cross-section, FIG. 1, the invention is not so 
limited as the microchannels 12 can have any appropriate 
shape. 
The elongated microchannels 20 each extend from the 

channel inlet 20a at an edge of the chip substrate 10 Where 
Working ?uid A (such as for example air or any other 
gaseous or liquid ?uid) enters for ?oW along the microchan 
nels to outlet 20b at an opposite edge Where Working ?uid 
that has absorbed heat from the chip substrate 10 is dis 
charged to an external heat exchanger (not shoWn) and then 
circulated back into the inlets 20a of the microchannels 20 
in closed loop manner, if desired, or to atmosphere in open 
loop manner in the event that air is the Working ?uid. An 
external or integrated pump P can be used to drive the 
Working ?uid through the microchannels of the heat sink. 
Conventional inlet and outlet manifolds/plenums having 
?uid supply and discharge ports communicated to inlet and 
outlets 20a, 20b, respectively, and forming no part of the 
invention can be included to reduce maldistribution of ?uid 
?oW. The Working ?uid can comprise a liquid (eg a 
dielectric liquid or Water) or a gas (e.g. air) of any type 
heretofore used as a Working ?uid to remove heat from a 
heat-generating microelectronic component. 

The microchannels 20 extend part Way through the thick 
ness of the chip substrate 10 such that the substrate itself 
forms facing side walls 200 and a bottom Wall 20d of each 
microchannel to provide a thermal transfer relation betWeen 
the microchannels 20 and the chip substrate 10. For purposes 
of illustration, the microchannels 20 typically each have a 
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4 
cross-sectional dimension of 40,000 microns2, such as from 
1000 to about 5,000,000microns2. For purposes of further 
illustration and not limitation, the microchannels 20 can 
have an exemplary height of 400 microns and a Width of 100 
microns. Although the microchannels 20 are illustrated as 
having a rectangular cross-sectional shape, they can have 
any suitable other cross-sectional shape. 
A lid or cover 30 is shoWn closing off the open sides 20p 

of the microchannels 20. The lid or cover 20 in effect borders 
or de?nes the upper surface of the microchannels 20 as 
illustrated in FIG. 3. The lid or cover 30 can be made of any 
suitable material including but not limited to, plastic, glass, 
ceramic, silicon, composite or other material. An exemplary 
material for the lid or cover 30 can comprise glass, silicon, 
or copper. 

Pursuant to an illustrative embodiment of the invention, 
the lid or cover 30 is provided With one or more recesses R 
in a cover surface 30a facing the microchannels 20 such that 
the recesses R communicate to the microchannels and thus 
to the Working ?uid A ?oWing therein in a manner to 
enhance localiZed and overall heat removal rate of the 
microchannel heat sink 10. 

Referring to FIGS. 1-3, multiple (e.g. tWo) recesses R are 
shoWn elongated and extending in a direction transverse 
(preferably perpendicular as shoWn) to the long axis of the 
microchannels 20 so as to, in effect form tWo grooves 21 
extending across the cover 30 and across the microchannels 
20. Each recess R is de?ned by four side surfaces 21a and 
a top surface 21b of the grooves. The side surfaces 21b are 
illustrated to extend in a direction perpendicular to the long 
axis of the microchannels 20. 

Although the recesses R are shoWn extending transversely 
across all of the microchannels 20 from side S1 to side S2 
of the substrate 10, the recesses instead could extend trans 
versely across only some or only one of the microchannels 
20 depending upon the heat removal rates needed for a given 
service application. The number of recesses R provided 
along the lengths of the microchannels 20 can be varied as 
desired. The recesses R are provided to modulate the ?oW of 
the Working ?uid A as illustrated in FIG. 3 Where the arroWs 
F shoW increased localiZed ?oW rate of the Working ?uid 
relative to the recesses R in a manner that leads to higher 
rates of heat transfer Without the penalty of increased 
pressure head, since the presence of the recesses R reduces 
the overall ?oW friction. The dimensions, locations and 
number of recesses R in the cover 30 can be selected 
empirically to this end. 
As mentioned, the recesses R are shoWn extending trans 

versely across all of the microchannels from side S1 to side 
S2 of the chip substrate 10. The microchannels 20 are 
thereby interconnected transversely by the recesses R as 
shoWn in FIG. 1. 

For example, both the maximum and average tempera 
tures of the Walls of the microchannels 20 are decreased as 
a result. For example, FIG. 4 includes a graph of heat sink 
base temperature (base 20]) versus axial location along a 
microchannel 20 pursuant to the invention (designated 
MODIFIED MICROCHANNEL) having tWo recesses R 
along its length at the axial locations shoWn determined by 
computer simulation softWare (e.g. commercially available 
CFD softWare package FLUENT 6.0 to compute the laminar 
?oW and heat transfer in the microchannel). For comparison, 
FIG. 4 includes a graph of heat sink base temperature versus 
axial location along a microchannel 20 pursuant to a con 
ventional microchannel (designated CONVENTIONAL 
MICROCHANNEL) not having recesses R determined by 
the same computer simulation softWare. 
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The computer simulation Was determined using tWo 
recesses R in the cover 30 as shoWn in FIGS. 1-3 Wherein 
each recess R had a Width “W” of 2.5 millimeters and a 
height “h” of 400 microns for a microchannel length along 
axis L of 10 millimeters and microchannel Width of 100 
microns perpendicular to axis L. The cover had a thickness 
of 500 microns. The chip substrate 10 had a length of 10 
millimeters such that the microchannel 20 extended all of 
the Way across the chip substrate 10. The total thickness of 
the chip substrate Was 100 microns. The Width of solid chip 
substrate material betWeen the microchannels (?n Width) 
Was 100 microns. For the simulation, Water Was ?oWed 
through the microchannels 20 by a pressure head of 10 kPa. 
A uniform heat ?ux of 100 W/cm2 Was supplied to the base 
20fof the substrate 10. 

It is apparent from FIG. 4 that the maximum temperature 
on the Wall 20d of the MODIFIED MICROCHANNEL With 
the recesses R pursuant to the invention is determined to be 
a maximum of 50.3 degrees C. With a temperature variation 
along the length of the Wall 20d of 15.7 degrees C. In 
contrast, it is apparent that the maximum temperature on the 
Wall 20d of the CONVENTIONAL MICROCHANNEL 
Without the recesses R is determined to be a maximum of 
55.9 degrees C. With a larger temperature variation along the 
length of the Wall 20d of 20.5 degrees C. The MODIFIED 
MICROCHANNEL pursuant to the invention resulted in a 
decrease of —5 degrees C. in both the maximum Wall 
temperature and the temperature variation along the bottom 
Wall 20d based on the microchannel and recess dimensions 
selected for the simulation. 

In addition, the heat transfer coe?icient is enhanced 
locally by a much as 100% at the doWnstream end regions 
E of the recesses R (relative to the direction of ?uid ?oW) as 
a result of reinitialiZation of boundary layers as the ?uid ?oW 
re-enters the microchannels 20. For example, FIG. 5 
includes a graph of heat transfer coe?icient versus axial 
location along a microchannel 20 pursuant to the invention 
(designated MODIFIED MICROCHANNEL) having tWo 
recesses R along its length at the axial locations shoWn 
determined by computer simulation softWare (e.g. FLUENT 
6.0 commercially available softWare). For comparison, FIG. 
5 includes a graph of heat transfer coe?icient versus axial 
location along a microchannel 20 pursuant to a conventional 
microchannel (designated CONVENTIONAL MICRO 
CHANNEL) not having recesses R determined by the same 
computer simulation softWare. It is apparent that the local 
heat transfer coe?icient is increased by a much as 100% near 
the doWnstream end regions E of the recesses R for the 
MODIFIED MICROCHANNEL as compared to that of the 
CONVENTIONAL MICROCHANNEL. Such localized 
increases of heat transfer coe?icient can be used proximate 
localiZed hot spots of elevated temperature of the micro 
electronic chip 10 to remove heat therefrom. 

The invention thus is advantageous to provide enhance 
ment of localiZed and overall heat transfer rates. The inven 
tion can be used to loWer maximum chip temperatures in 
microelectronic apparatus as Well as to achieve loWer tem 
perature gradients on chips to reduce thermal stresses, 
improve reliability and increase chip performance. These 
advantages are achieved using one or more recesses R to 
provide passive ?oW modulation With a smaller pressure 
drop across the microchannels 20 and hence With a loWer 
pumping poWer. The recesses R can be strategically located 
so as to achieve higher rates of cooling at desired speci?c 
locations, such as proximate hot spots of the chip 10. 

Although the invention has been described With respect to 
certain embodiments thereof, those skilled in the art Will 
appreciate that modi?cations, additions, and the like can be 
made thereto Within the scope of the invention as set forth 
in the appended claims. 
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6 
We claim: 
1. Microchannel heat sink comprising a microchannel for 

receiving a Working ?uid to remove heat and one or more 
recesses disposed in a surface communicated to the micro 
channel to enhance heat transfer rate of the microchannel 
heat sink. 

2. The heat sink of claim 1 Wherein the one or more 
recesses is/are located at one or more local hot spot regions 
of a heat-generating component to enhance heat transfer 
rates at the one or more local regions. 

3. The heat sink of claim 1 further including a cover that 
closes off the microchannel, the cover having one or more 
recesses in a cover surface facing the microchannels such 
that the recesses communicate to the microchannels and the 
Working ?uid to enhance heat transfer rate of the micro 
channel heat sink. 

4. The heat sink of claim 1 Wherein the one or more 
recesses are elongated and extend in a direction transverse to 
a long axis of a plurality of the microchannels across one, 
some or all of the microchannels so as to communicate to 

one, some or all of the microchannels. 
5. The heat sink of claim 4 Wherein the one or more 

recesses extend perpendicular to the long axis. 
6. Microchannel heat sink comprising a plurality of 

microchannels for receiving a Working ?uid to remove heat 
and a cover that closes off the microchannels, the cover 
having one or more recesses in a cover surface facing the 
microchannels such that the recesses communicate to the 
microchannels and the Working ?uid to enhance heat trans 
fer rate of the microchannel heat sink. 

7. The heat sink of claim 6 Wherein the one or more 
recesses is/are located at one or more local hot spot regions 
of a heat-generating component to enhance heat transfer 
rates at the one or more local regions. 

8. The heat sink of claim 6 Wherein the one or more 
recesses are elongated and extend in a direction transverse to 
a long axis of the microchannels across one, some or all of 
the microchannels so as to communicate to one, some or all 
of the microchannels. 

9. The heat sink of claim 8 Wherein the one or more 
recesses extend in a direction perpendicular to the long axis. 

10. Combination of a heat-generating electronic compo 
nent and the microchannel heat sink of claim 1 in thermal 
conductive relation With the component. 

11. The combination of claim 10 Wherein the microchan 
nel is formed integrally in a surface of the component. 

12. The combination of claim 10 Wherein the component 
comprises a microelectronic chip. 

13. A method of cooling a heat-generating electronic 
component, comprising disposing the microchannel heat 
sink of claim 1 in thermal transfer relation With the com 
ponent and ?oWing the Working ?uid through the micro 
channel to remove heat from the component. 

14. A method of cooling a heat-generating electronic 
component having one or more hot spots, comprising dis 
posing the microchannel heat sink of claim 1 in thermal 
transfer relation With the component With the one or more 
recesses disposed in relation to the one or more hot spots to 
enhance heat transfer rate there and ?oWing the Working 
?uid through the microchannel to remove heat from the 
component. 

15. The heat sink of claim 1 Wherein heat transfer coef 
?cient is increased at a doWnstream end region of the one or 
more recesses. 


